The anomalies in the flavor ratios RD and RD * provide a hint of physics beyond the Standard Model. Previously it was shown that the polarization fraction of the D * meson in the B → D * τν decay provides a defining signature for tensor new physics. Recent measurement of this quantity by the Belle collaboration completely rules out the tensor new physics solution (at better than 5σ). Here we do a re-analysis of all the data in b → c τν sector, including the D * polarization fraction. We identify the allowed new physics solutions and the six variables needed to distinguish between them. * Electronic address: akalok@iitj.ac.in † Electronic address: dinesh.kumar@ncbj.gov.pl ‡ Electronic address: suman@phy.iitb.ac.in § Electronic address: uma@phy.iitb.ac.in
I. INTRODUCTION
The B-factories, BaBar and Belle, along with the LHCb collaboration have reported several measurements in the decays induced by the quark level transition b → c lν which disagree with the predictions of the Standard Model (SM) [1] [2] [3] [4] [5] [6] [7] . This disagreement is most pronounced in R D and R D * where R D ( * ) = Γ(B → D ( * ) τν)/Γ(B → D ( * ) e/µν). The world averages [8] of these quantities differ from their SM predictions [9, 10] at 4.1σ. Theoretical predictions of R D -R D * have been updated recently, using different approaches, see for e.g., refs. [11] [12] [13] [14] [15] . This discrepancy is one of the most enduring hints of beyond SM physics and is an indication of lepton flavour universality (LFU) violation. It is further corroborated by a recent measurement of a new ratio , R J/ψ = Γ(B c → J/ψ τν)/Γ(B c → J/ψ µν) = 0.71±0.17±0.18, by the LHCb collaboration [16] . This measuement is 1.7σ higher than the SM prediction of 0.289 ± 0.007 [17] [18] [19] .
In ref. [20] , all possible new physics four-fermion operators which lead to b → c τν transition were listed and the values of their Wilson coefficients (WCs) were obtained by fitting them to the R D and R D * data. These operators also lead to the pure leptonic decay B c → τν. In the SM, this decay is subject to helicity suppression and the predicted branching ratio is about 2%. New physics (NP) operators, containing a pseudo-scalar component, predict large values for B c → τν decay width, which may be larger than the measured total decay width of B c meson. Hence this decay puts strong constraints on some of the NP solutions allowed by the R D ( * ) measurements [21] . After the measurement of R J/ψ , a refit to the data in b → c lν sector was performed in ref. [22] , which resulted in four different NP solutions. The constraint Br(B c → τν) = Γ(B c → τν) NP /Γ(B c → all) exp < 0.1 [23] was imposed in this fit.
After identifying all possible NP solutions, it is desirable to find methods to distinguish between these solutions. Angular observables provide good discrimination between NP operators of different Lorentz structures [24, 25] . Some of these observables require the reconstruction of the momentum of the τ lepton, which is quite difficult. However, the following two quantities, the D * polarization fraction f L and the τ polarization fraction P τ (D * ), can be measured without τ reconstruction. It was shown in ref. [26] that f L is a good discriminant for the scalar and the tensor NP operators. Such a discrimination is possible with P τ (D * ) also [25] . Belle collaboration measured P τ (D * ) through the angular distribution of the meson in the decays τ → πν and τ → ρν. Using the full data sample of 772 × 10 6 BB pairs, they reported [5] P τ (D * ) = −0.38 ± 0.51 +0. 21 −0.16 . This measurement is consistent with its SM prediction of −0.497 ± 0.013 [27] . However, the large statistical uncertainty deprives it of any discriminating ability.
Recently Belle also reported their first measurement of f L = 0.60 ± 0.08(stat.) ± 0.04(syst.) [28, 29] , which is somewhat higher than the SM prediction 0.46 ± 0.04 [26] . However, the disagreement is only at 1.5σ level. On the other hand, this measurement rules out NP scenarios which predict values of f L lower than the SM prediction. In particular, it completely rules out the tensor new physics solution at 5σ level [22] . Given that the uncertainty in the measurement of f L is small, it is worthwhile to study its impact on the NP solutions to the R D -R D * puzzle.
The baryonic decay Λ b → Λ c τν is also driven by the quark level transition b → c τν. This decay was studied in the SM as well as with NP operators in refs. [30, 31] . The semi-leptonic decays of B meson to higher excited charmed mesons plus a τ lepton were studied in refs. [32, 33] , again in the SM and with NP operators. These decays are labelled as B → D * * τν where D * * ∈ {D * 0 , D * 1 , D 1 , D * 2 } denotes the four lightest excited charmed mesons, above the D and D * ground state doublet.
In this work, we first do a re-analysis of all the available data in the b → cτν transition to constrain the WCs of the NP operators. In addition to R D , R D * , R J/ψ and P τ (D * ), we now include the new measurement of f L . We also impose the contraint Br(B c → τν) < 0.1 [23] . After obtaining the WCs, we calculate the predictions for the four angular observables P τ (D * ), f L , A F B (forward-backward asymmetry) and A LT (longitudinal-transverse asymmetry). The latter two observables, defined in ref [25] , require the reconstruction of the τ lepton momentum. We discuss the ability of these four observables to discriminate between the allowed NP solutions. In addition, we calculate the predictions of these NP solutions for the LFU violating ratios
where l = µ or e. For all the NP solutions, we find that the predictions for R D * * are essentially the same as the SM prediction whereas the predictions for R Λc are about 30% higher compare to the SM prediction. The paper is organised as follows. In Sec. II, we describe our methodology. In sec. III, we discuss the results of the new fit and their predictions for the four angular observables. In sec. IV, the tests of LFU violation in the decays Λ b → Λ c τν and B → D * * τν are considered. We present our conclusions in Sec. V.
II. METHODOLOGY
The most general four-fermion operators for b → cτν transition can be parameterized as [20] 
where we defined (2
We assume the new physics scale, Λ, to be 1 TeV which leads to α = 0.749. Here the unprimed operators are defined as,
The First we fit the NP predictions to the five observables R D , R D * , P τ , R J/ψ and f L . The corresponding χ 2 is defined as
Here O th (C i ) are the theoretical predictions for R D , R D * which depend upon the effective NP WCs C i . O exp are the corresponding experimental measurements. V exp and V SM are the experimental and SM covariance matrices in the R D , R D * space, respectively. The matrix V exp includes the correlation in the combined experimental determination of R D and R D * . In eq. (5), σ Pτ , σ R J/ψ and σ fL are the respective uncertainties in the measurement of P τ , R J/ψ and f L . Apart from experimental uncertainties, we also include SM theoretical uncertainties in the χ 2 . The B → D/D * lν decay distributions depend upon hadronic form-factors. The determination of these form-factors relies heavily on HQET techniques. In this work we use the HQET form factors in the form parametrized by Caprini et al. [34] . The parameters for B → D decay are determined from the lattice QCD [9] calculations and we use them in our analyses. For B → D * decay, the HQET parameters are extracted using data from Belle and BaBar experiments along with the inputs from lattice. In this work, the numerical values of these parameters are taken from refs. [35] and [36] .
For a given NP operator, the most likely value of its WC is obtained by minimizing the χ 2 . For this minimization, we use the MINUIT library [37] . We perform three types of fits:
• Fit-A taking only one NP operator at a time.
• Fit-B taking two similar NP operators at a time.
• Fit-C taking two dissimilar NP operators at a time.
In our previous work [22] , only the first two types of fits were done. This was the based on the assumption that these operators arise through the exchange of only one new particle. However, an NP model is likely to contain a number of new particles of different spins. To obtain a complete set of NP solutions, we should consider combinations of NP operators of vector type together with those of scalar type. For each of the above fits, we consider only those NP solutions for which χ 2 min ≤ 5 as well as Br(B c → τν) < 0.1.
III. FIT RESULTS
The results of our fits are presented in table I. In our previous work, we found three solutions for fit-A and three solutions for fit-B, as shown in the table IV of ref. [22] . A tensor NP solution, which predicts f L = 0.14 ± 0.03 [26] , was allowed previously. The present measurement of f L by Belle [28, 29] rules this solution out at the level of 5σ. The two solutions of fit-A and the three solutions of fit-B, shown in table I, match the other five solutions of ref. [22] . In the case of the (C ′′ SL , C ′′ SR ) solution, the values of the WCs have changed significantly compared to the corresponding solution in ref. [22] . There are three more solutions in table I as a result of fit-C, which were not considered previously. For each of the allowed solutions, table I also lists the predictions for R D , R D * , R J/ψ , P τ (D * ), f L , A F B and A LT . Here we list only those solutions which satisfy the constraints χ 2 min ≤ 5 and Br(Bc → τν) < 0.1. We also provide the predictions of RD, RD * , R J/ψ , Pτ (D * ), fL, AF B and ALT for each allowed solution. In the first row, we list the SM predictions for the observables, which are obtained by setting all NP couplings to zero. We obtain χ 2 SM = 24.70, showing the discrepancy between the data and the SM.
• We note that the prediction of R D for the C VL solution is 30% lower compared to those of all the other NP solutions. Hence, a measurement of R D to 10% uncertainty can distinguish this solution, provided the theoretical uncertainties are reduced to below this level.
• The predicted values of R D * and R J/ψ for all the NP solutions are very close to one another. Therefore, these variables have no distinguishing power.
• Seven of the eight solutions predict values of P τ (D * ) which are close together. Only the (C VR , C SL ) solution predicts a value 10% smaller than the others. Hence a measurement of P τ (D * ) to an uncertainty of 0.02 can distinguish this solution.
• We have considered the q 2 dependence of P τ (D * ), where q 2 = (p B − p D * ) 2 with p B and p D * being the respective four momenta of B and D * mesons. Only for the C ′′ SL solution, this dependence is different from that of the other solutions. We find that P τ (D * ) = −0.35 for the q 2 range 3 − 7 GeV 2 and P τ (D * ) = −0.56 for the range 7 − 12 GeV 2 . These predictions differ from those of other solutions by about 0.03. Hence, a measurement of P τ (D * ) in these ranges, to an uncertainty of 0.01, can pick out this solution. The expected uncertainty in P τ (D * ) at Belle II with full 50 ab −1 data is estimated to be ∼ 0.08 [28] . This uncertainty is dominated by the systematics whose main cause is the uncertainty in the branching ratio of D * * components along with multibody hadronic B decays. We hope that a better understanding of these modes at Belle II would help in reducing the systematics uncertainties.
• The predicted values of f L for all these solutions are essentially equal to the SM prediction. Hence f L has no capability to distinguish between any of these NP solutions. We calculated f L as a function of q 2 and found that the plots of f L (q 2 ) vs. q 2 are very close to the SM plot, for each of the NP solutions.
• Turning now to the other angular observables, which can be measured only if the τ momentum is reconstructed, we find that A LT values for seven of the eight solutions are close to the SM prediction. The (C VL , C VR ) solution can be distinguished if A LT is measured to an accuracy of 0.05.
• The (C VL , C VR ) solution can also be distinguished if A F B is measured to an accuracy of 0.1. To obtain discrimination between the other solutions a better accuracy is needed. If |A F B | is measured to be greater than 0.03, then the four solutions, C VL , (C ′ VL , C ′ VR ), (C VL , C SL ) and (C ′ VL , C ′ SL ), are ruled out. On the other hand, an upper limit of a similar magnitude rules out the other four solutions.
A determination of the branching ratio B c → τν at a few percent level can provide further discrimination between the NP solutions. The predictions for this branching ratio are:
• 0.07 for the (C ′ VL , C ′ VR ) solution, • < 0.01 for C ′′ SL , (C ′′ SL , C ′′ SR ) and (C VL , C SL ) solutions and • in the range 0.015 − 0.035 for the other four solutions.
If this branching ratio is measured to be > 0.05 then the (C ′ VL , C ′ VR ) solution becomes the most likely. On the other hand, establishing an upper limit of 0.01 limits the possible solutions to the three listed above. For intermediate values, the allowed solutions are C VL , (C VL , C VR ), (C ′ VL , C ′ SL ) and (C VR , C SL ). An accurate measurement of the following six variables, R D , P τ (D * ) in the two q 2 ranges, 3 − 7 GeV 2 and 7 − 12 GeV 2 , A F B , A LT and Br(B c → τν), will lead to identifying signatures for each of the eight solutions. These signatures are 1. C VL : Measurement of R D = 0.36 with an uncertainty of 5%. In this section we consider the following two types of decays driven by b → cτν transition:
• the baryonic decays Λ b → Λ c τν,
• B meson decays into higher charmed resonances B → D * * τν.
We compute the ratios R(Λ c ) and R D * * defined in eqs. (2) and (3). Here D * * denotes one of {D * 0 , D * 1 , D 1 , D * 2 }, which are the four lightest excited charmed mesons above the D and D * ground state doublet. For Λ b → Λ c τν decay, the vector and the axial-vector form factors are calculated in lattice QCD in ref. [38] and the tensor form factor is calculated 1 , again in lattice QCD, in ref. [31] . For B → D * * τν decay, the form factors for the four different D * * states are calculated using HQET framework in ref [33] . We use these form factors as inputs in our calculations of the above quantities. We follow ref. [31] in calculation of R(Λ c ).
The values of R(Λ c ) and R D * * for each of the eight NP solutions are listed in table II. None of these ratios have any ability to discriminate between any of the NP solutions. In fact, the predictions for all four of R D * * are the same as that of the SM. Therefore, these ratios do not even show any sensitivity to the presence of NP. The prediction for R(Λ c ) is about 20 − 25% higher compared to the SM prediction. Our findings are in agreement with those of ref. [39] . Hence, a measurement of a larger value of R(Λ c ) would only confirm the existence of new physics in b → cτν transition but does not provide any discrimination between the allowed NP solutions.
0.07 ± 0.02 0.09 ± 0.02 0.06 ± 0.02 0.07 ± 0.01 0.33 ± 0.02 CV L 0.149 ± 0.032 0.08 ± 0.02 0.11 ± 0.02 0.07 ± 0.02 0.08 ± 0.01 0.41 ± 0.03 C ′′ S L −0.516 ± 0.102 0.08 ± 0.03 0.11 ± 0.03 0.08 ± 0.03 0.08 ± 0.02 0.42 ± 0.04 (CV L , CV R ) (−1.289, 1.509) 0.08 ± 0.02 0.11 ± 0.02 0.08 ± 0.02 0.08 ± 0.02 0.41 ± 0.03
122, −0.064) 0.08 ± 0.03 0.11 ± 0.02 0.07 ± 0.02 0.08 ± 0.01 0.39 ± 0.03 (C ′′ S L , C ′′ S R ) (−0.258, 0.158) 0.08 ± 0.02 0.11 ± 0.03 0.08 ± 0.02 0.08 ± 0.01 0.42 ± 0.04 (CV L , CS L ) (0.139, 0.092) 0.08 ± 0.02 0.11 ± 0.02 0.08 ± 0.02 0.08 ± 0.02 0.41 ± 0.03 (C ′ V L , C ′ S L ) (0.166, −0.117) 0.07 ± 0.03 0.11 ± 0.02 0.08 ± 0.03 0.08 ± 0.02 0.41 ± 0.03 (CV R , CS L ) (−0.173, 0.420) 0.08 ± 0.02 0.11 ± 0.02 0.08 ± 0.03 0.08 ± 0.01 0.42 ± 0.03 TABLE II: New Physics predictions for R(D * 0 ), R(D1), R(D * 1 ), R(D * 2 ) and R(Λc).
V. CONCLUSIONS
The existence of NP is postulated in the b → cτν sector because the measured values of R D and R D * are larger than their respective SM expectations. Till recently the NP operators could be of vector, axial-vector or tensor type. Recently the Belle experiment measured the D * polarization in the decay B → D * τν to be 0.60 ± 0.08 ± 0.04 [29] . In view of this measurement, we do a re-analysis of all the data in b → c τν sector. We perform fits by considering only one NP operator, two similar NP operators and two dissimilar NP operators at a time. For each of these fits, we consider only those NP solutions for which χ 2 min ≤ 5 as well as Br(B c → τν) < 0.1 [23] . We find that • The measurement of f L rules out the tensor NP solution at better than 5σ level.
• An accurate measurement of the six variables, R D , P τ (D * ) in the two q 2 ranges, 3 − 7 GeV 2 and 7 − 12 GeV 2 , A F B , A LT and Br(B c → τν), can lead to identifying signatures for each of the allowed eight solutions.
• A measurement of R(Λ c ) can only confirm the existence of new physics in b → cτν transition but can not make any distinction between any of the NP solutions.
• Regarding the decays of B meson to excited charmed mesons, none of the ratios R D * * have any ability to even observe the existence of new physics.
